Autism spectrum disorder (ASD) represents a major public health burden but translating promising treatment findings from preclinical non-human models of ASD to the clinic has remained challenging. The recent development of forebrain organoids generated from human induced pluripotent stem cells (hiPSCs) derived from subjects with brain P a g e 4 o f 4 6
disorders is a promising method to study human-specific neurobiology, and may facilitate the development of novel therapeutics.
In this study, we utilized forebrain organoids generated from hiPSCs derived from patients from the Old Order Amish community with a rare syndromic form of ASD, carrying a homozygous c.3709DelG mutation in CNTNAP2 and healthy controls to investigate the effects of this mutation on cortical embryonic development.
Patients carrying the c.3709DelG mutation in CNTNAP2 present with an increased head circumference and brain MRI reveals an increase in gray matter volume. Patient-derived organoids displayed an increase in total volume that was driven by an increased proliferation in neural progenitor cells, leading to an increase in the generation of cortical neuronal and non-neuronal cell types. The observed phenotypes were rescued after correction of the pathogenic mutation using CRISPR-Cas9. RNA sequencing revealed 339 genes differentially expressed between patient-and control-derived organoids of which a subset are implicated in cell proliferation and neurogenesis. Notably, these differentially expressed genes included previously identified ASDassociated genes and are enriched for genes in ASD-associated weighted gene coexpression networks.
This work provides a critical step towards understanding the role of CNTNAP2 in human P a g e 3 o f 4 6
cortical development and has important mechanistic implications for ASD associated with brain overgrowth. This CNTNAP2 organoid model provides opportunity for further mechanistic inquiry and development of new therapeutic strategies for ASD.
INTRODUCTION
Autism spectrum disorder (ASD) and related neurodevelopmental disorders represent a major public health burden (1) . To better understand these conditions, mechanistic insight into their development is needed. Rodent models with modified genes associated with ASD have facilitated this but translating promising preclinical findings to the clinic has remained enormously challenging (2) . This is at least partly due to differences in the biology between species and underscores the need for elucidating human-specific disease mechanisms for psychiatric disorders. Forebrain organoids generated from human induced pluripotent stem cells (hiPSCs) that are derived from subjects with well-characterized brain disorders are a promising method to study human-specific neurobiology. Indeed, brain organoid modeling of ASD and related neurodevelopmental disorders may help reveal critical disease phenotypes and associated disease mechanisms that may not be recapitulated in animal models (3) (4) (5) (6) .
A homozygous loss-of-function (LoF) mutation, c.3709DelG, in contactin-associatedprotein-like 2 (CNTNAP2) causes a rare and severe neurodevelopmental syndrome characterized by ASD, intellectual disability, early-onset epilepsy and an increase in head circumference -collectively termed Cortical Dysplasia Focal Epilepsy (CDFE) syndrome (7) . The inherited mutation and associated syndrome were first described in a family from the genetically isolated Old-Older Amish population (7) . Additional cases carrying different homozygous LoF mutations were subsequently discovered in subjects outside the Amish founder population, all presenting with a similar constellation of symptoms (8, 9) . Thus far, no homozygous LoF mutations have been described in healthy control individuals, indicating that these are consistently associated with a P a g e 5 o f 4 6 severe and fully penetrant phenotype.
CNTNAP2 encodes a cell adhesion molecule that is structurally related to the neurexins, but has shown to be functionally distinct, fulfilling roles in both peripheral and central nervous system development and physiology (10) . Known functions of CNTNAP2 have been delineated in a number of Cntnap2 knock-out and knock-down rodent models, and include critical roles in potassium channel clustering in myelinated fibers (11) as well as dendritic arborization (12) , synaptic function (13) and neuronal migration (14) . Interestingly, Cntnap2 null mice display several behavioral phenotypes reminiscent of the neurodevelopmental syndrome associated with homozygous LoF mutations, including deficits in social interaction and cognition, an increase in repetitivestereotyped behaviors, and a lowered seizure threshold (14).
Little is known about the function of CNTNAP2 in the human brain. Human expression data shows high abundance in different cortical areas during embryonic development (15) . Histopathology and MRI findings from patients from the Old-Order Amish population and diagnosed with CDFE-syndrome show cortical dysplasia, cortical grey matter thickening, ectopic neurons in the white matter tracts and increased hippocampal cell number (7) . Together, these findings imply an early embryonic origin of pathophysiology. As embryonic development is most faithfully recapitulated with brain organoid modeling systems as shown by transcriptome analyses (16, 17) , we generated brain organoids to study how disruption of CNTNAP2 affects cortical embryonic development.
To this end, we generated hiPSC lines from subjects from the Old-Order Amish founder population, all of whom had been diagnosed with CDFE-syndrome and carried the P a g e 6 o f 4 6
homozygous c.3709DelG mutation in CNTNAP2. Using these lines we generated forebrain organoids, and compared these to organoids generated from healthy controls from the same population to examine the effects of the mutation on cortical development. We show an increase in volume of patient-derived organoids compared to controls. This enlargement of organoid volume results from increased proliferation of neural progenitor cells (NPCs) which, in turn, leads to an increased generation of both cortical neurons and non-neuronal cell types. RNA sequencing revealed 339 differentially expressed genes, including genes involved in cell proliferation and neurogenesis. Finally, we show that a portion of these differentially expressed genes have also been associated with idiopathic and syndromic autism and are also present in autism-associated gene co-expression networks. Together, these findings provide a possible explanation for the increased head circumference and cortical gray matter thickening that has been observed clinically in these patients (Strauss, 2006) . Our work provides a critical step towards understanding the role of CNTNAP2 in brain development. The increase in NPC proliferation observed in patient-derived organoids provides a disease mechanism that could be further investigated for developing new treatments of CNTNAP2-associated and other forms of ASDs.
METHODS

Ascertainment of Subjects and Clinical Phenotypes
The study was approved by the Lancaster General Hospital (LGH) Institutional Review 
MRI analysis
We quantified total gray matter volume relative to the total brain volume of 5 whole brain
MRIs from patients carrying the c.3709DelG mutation in CNTNAP2, and compared these to 4 'template MRIs' that were generated from 10 combined whole-brain MRIs of age-matched healthy children. We used Statistical Parametric Mapping for image segmentation and summed gray matter and white matter masks to calculate total brain volume. For each image, the sum value of voxels for each tissue class was used to generate a ratio between gray matter and white matter.
hiPSC generation and characterization.
hiPSC lines were generated from three patients with CNTNAP2-associated ASD carrying the homozygous c.3709DelG mutation and three healthy controls from the same Amish population who did not carry mutation, by a non-integrating Sendai virusbased reprogramming method as previously described (18) . Karyotyping was performed on twenty G-banded metaphase cells at 450-500 band resolution as previously described (19) . All hiPSC lines used in this study were between passage 10 and 25.
The difference in passage number for each pair of patient-and control-derived line never exceeded 3 passages.
Forebrain organoid culture
Forebrain organoids were generated from patient-and control hiPSC-lines using a previously published organoid differentiation protocol (20) , with minor modifications.
Briefly, hiPSCs were dissociated with 0.5 mM EDTA in PBS and triturated to generate a single cell suspension. A total of 10,000 cells were then plated into each well of an ultralow-attachment 96-well plate (Nunc) to form embryoid bodies (EBs) in medium containing mTesR1, 1 µg/ml heparin and Penicillin-Streptomycin antibiotics. EBs were exposed to medium containing the ROCK inhibitor Y27632 (50 µM) for the first 24 hrs, followed by 5 days without interference in 96-well plates. On day 5, the medium was at room temperature and nuclei were counterstained with 300 nM DAPI solution.
Sections were mounted on glass slides using Prolong antifade solution and imaged on a LEICA SP8 confocal microscope.
Electrophysiology
Measurement of Electrophysiology Properties. Whole-cell patch-clamp recordings were performed as previously described (21) . EBs were dissociated into single cells after rosettes were selected, plated onto glass coverslips coated with poly-L-ornithine (50µg/ml) and laminin (5µg/ml), and maintained in vitro for 60 days. potential was measured immediately following the establishment of the whole-cell configuration. Membrane resistance and capacitance were calculated from the membrane potential changes in response to 1 s duration hyperpolarizing current steps increasing by 5 pA increments. Action potentials were evoked using this same currentstep protocol, and were defined as a transient depolarization of the membrane which had a minimum rise rate >10 mV/ms and reached a peak amplitude > 0 mV. Intrinsic properties were measured from the first action potential. Duration was calculated from the full width at the half maximum voltage, with amplitude measured from the threshold potential to the maximum potential. Quantification was done using Igor Pro v.6
(Wavemetrics). Statistical comparisons were made using unpaired Student's t test in
GraphPad Prism v.7.
Light-sheet microscopy
Whole, fixed organoids were stained in 300 nM DAPI in PBS for 30 mins to ensure staining of the nuclei of the outer shell of the organoid. Light sheet microscopy images were acquired on a Zeiss Z-1 Light sheet microscope from 6 angles in 45º degree increments starting at 0º.
CRISPR-Cas9 Rescue-line generation
We randomly selected one of the three patient hiPSC lines for CRISPR genome editing.
gRNA and donor template design. Guide-RNAs were designed using CT-finder software (22) . gRNAs were designed around the c.3709DelG mutation site in the CNTNAP2
locus on chromosome 7q35. gRNA target A on the minus strand is 5'-GGGTCGGTGGCGGACGACATGGG-3' and gRNA target B on the plus strand is 5' -GCACCTGGATCACCTGATTCAGG-3'. The donor template was a single stranded 181bp oligonucleotide (see Table S2 ). This sequence is complementary to the antisense DNA strand and contains the wildtype DNA sequence and a silent blocking mutation near the 5'-end of gRNA target A. The donor template flanks the mutation site with 90bp on each side ( Fig S2A-) .
hiPSC gene-editing using CRISPR Cas9. We followed a previously described protocol (23) to the organoid growth media for 1 week at a concentration of 10 7 virus particles per ml.
Transduction efficiency was evaluated 10 days post-transduction using an epifluorescence microscope.
Isotropic fractionation
We adapted a previously developed protocol for to accurately calculate total cell number and relative cell type fractions based on nuclear immunostaining (24) . Briefly, organoids were fixed for 4h in 10% formalin at room temperature. After blocking for 4h in 10% horse serum in PBS containing 0.2% Triton X-100 (PBSTx0.2), primary antibodies were incubated PBSTx0.2 on whole organoids for 20h on a shaker at room temperature to ensure complete tissue penetration. Organoids were washed for 4 h in PBSTx0.2.
Secondary antibodies were incubated for 20h in in PBS PBSTx0.2, followed by a 4 h wash in PBSTx0.2. Organoids were fixed for a second time for 20h, and then homogenized using a glass tissue homogenizer in 10 mM sodium citrate buffer containing 1% Triton X-100. Total cell counts were performed by counting DAPI-stained nuclei in a hemocytometer on an upright Zeiss epifluorescence microscope. Relative cell type fractions were calculated from images acquired on a Leica SP8 confocal microscope.
BrdU labeling
Organoids were incubated using 10 µM BrdU dissolved in growth medium for 2 h at 37 ºC, then washed twice with PBS and subsequently fixed for 4 h in 10% formalin at room temperature. We subsequently followed our immunostaining protocol to stain for BrdU 
Differential expression analysis
DESeq2, an R package based on a negative binomial distribution that models the number reads from RNA-seq experiments and tests for differential expression, was used to determine differentially expressed genes (DEGs) between mutants and control samples. The list of significantly DEGs was defined at false discovery rate (FDR) adjusted p-value (padj) < 0.05.
Gene ontology analysis
To determine a common functional relationship among the top DEGs, the enrichment of biological processes was tested using Metascape (25) with default settings. Gene lists of upregulated and downregulated DEGs were analyzed separately.
Permutation tests
Permutation tests were performed by generating 10000 gene lists of equal size to the differentially expressed genes. We then compared these randomly generated gene lists to the gene lists of interest (WGCNA networks, ASD-SFARI genes) as well as control gene lists derived from other common diseases, and tested whether the overlap between DEGs and permuted gene lists differed in a statistically significant manner from the randomly generated gene lists.
Image analyses
Confocal and light sheet microscopy images were processed using ImageJ software.
BrdU/Ki67 quantifications and nuclear fraction quantifications were carried out using Cell Profiler software.
Statistical analyses
All statistical analyses were performed using R programming language. The graphs in 
RESULTS
Clinical description of patients carrying c.3709DelG mutation in CNTNAP2.
Because the sample size of the initial cohort in which the increased head circumference was described was small (7), we expanded this assessment by measuring the head Fig S1A) . To expand upon the initial description of increased gray matter thickness (7), we analyzed brain MRIs from 5 patients carrying the c.3709DelG mutation in CNTNAP2 and compared these to agematched clinical templates. We found an increase in total gray matter (GM) volume relative to total brain volume (TBV) in patients compared to controls (Patients:
GM/TBV= 0.73; Controls: GM/TBV= 0.54; t-test, p = 0.004, n= 5 patients, 4 control templates (Fig. S1B ).
hiPSC and Forebrain Organoid Generation and Characterization.
We generated hiPSC lines from monocytes of three human female patients (ages 10, 12 and 17 years) carrying the homozygous c.3709DelG mutation in CNTNAP2 (Fig. 1A) and three sex-matched healthy control subjects from the same population. All 3 patients were assessed by a pediatrician (KS) and were diagnosed with epilepsy and a syndromic form of ASD, characterized by cognitive-, behavioral-, and language regression and delayed developmental milestones starting around age 1.
To confirm stemness in hiPSC lines used for organoid generation we performed RT-PCR for markers NANOG and OCT4 (Fig. S1C) , we performed G-band karyotype analysis to ensure the abcense of chromosomal abnormalities in all patient and control P a g e 1 7 o f 4 6
derived cell lines ( Fig. S1D We confirmed the genotypes of patient-and control-derived hiPSCs using Sanger sequencing (Fig. S1E ).
The forebrain organoids generated from both patients and healthy controls displayed similar characteristics of early telencephalic brain development. After 4 weeks in culture, both patient-and control-derived organoids showed ventricle-like structures composed of NPCs expressing forebrain-specific transcription factor PAX6, (Fig. 1B) . Dorsal forebrain identity was further confirmed by immunostaining for transcription factor FOXG1 ( Fig. S1F ). Organoids from both genotype groups demonstrate a clear pattern of MAP2-expressing neurons positioned around the ventricle-like structures and preferentially located in the outer layers of the organoids, indicative of initial NPC differentiation and subsequent migration towards the outer cortex-like region (Fig. 1B) .
After 8 weeks in culture, neurons that were dissociated from both patients and healthy controls for whole-cell patch-clamp recording displayed a consistent pattern of mature electrophysiological characteristics ( Fig. S1G and H) indicating that the organoid differentiation protocol was implemented successfully.
CNTNAP2 expression in forebrain organoids.
To determine the CNTNAP2 expression pattern control-derived organoids, we performed immunoblotting, which revealed expression starting around 4 weeks in culture that increased over time (Fig. 1C ). Immunoblotting for CNTNAP2 utilizing an antibody (Antibody A, intracellular) Fig. 1A ) directed against the c-terminus that is deleted in the c.3079delG mutation showed that full-length CNTNAP2 protein could not be detected in patient-derived organoids while it was indeed detected in control-derived P a g e 1 8 o f 4 6 organoids ( Fig. 1D) . We then used an antibody directed against the laminin G domain of the protein located upstream of the transmembrane domain (Antibody B Fig. 1A) , which is predicted to be present in the truncated CNTNAP2 protein. Notably, while immunoblotting with antibody B revealed CNTNAP2 expression in the control samples, no protein was detected in patient-derived organoids suggesting that the truncated CNTNAP2 mRNA and/or protein are unstable (Fig. S1I ).
To compare these expression studies in organoids to expression in the intact brain, we analyzed data from the publicly available gene-expression database BrainSpan (27), which characterizes the embryonic spatiotemporal expression pattern of in the developing human brain. These data show the highest CNTNAP2 expression levels in the first trimester of embryonic development in multiple cortical areas, including orbitofrontal, prefrontal and temporal cortices (Fig. S1J ). Other areas of high gene expression during embryonic development include the basal ganglia and cerebellum ( Fig. S1I) . The BrainSpan data are in line with previous expression studies on CNTNAP2 in the human embryonic brain (15, 28) . These results indicate that the CNTNAP2 expression pattern in organoids are in concordance with in vivo gene expression, and thus indicate that forebrain organoids serve as a well suited preclinical neuronal model system to study the effects of this homozygous LoF mutation on early human cortical development.
Patient-derived forebrain organoids display an increase in volume.
To investigate whether the brain overgrowth characteristic of these patients could be recapitulated in our model system, we set out to assess the size of patient-and control-P a g e 1 9 o f 4 6 derived organoids over time by measuring the projected surface area of the organoid using 2D bright field microscopy images ( Fig. 2A) . At 13 weeks in vitro, patient-derived organoids generated from an equal number of iPCSs and comparable in size at 4 weeks around the onset of CNTNAP2 expression, showed a 1.5-fold increase in 2D projected surface area compared to control-derived organoids (LRT, p = 0.002, n= 6-7 organoids/line) ( Fig 2B) .
As the organoids are not spherical but irregularly shaped, we used light sheet microscopy to more precisely quantify organoid volume (Fig. 2C ). We found a 1.5-fold volumetric increase for patient-derived organoids compared to controls (LRT, p = 0.005) ( Fig. 2D ). We then utilized light-sheet imaging to investigate whether the total surface area of the middle z-section could be used as an reliable estimate for organoid volume using a linear model, which was indeed the case (Linear model, R 2 = 0.606, p < 0.001) ( Fig. S2A ). We therefore proceeded using 2D brightfield microscopy images for quantifying organoid volume.
Increased organoid volume is driven by an increased total cell number caused by increased NPC proliferation.
To establish the factors that contribute to the volumetric increase of the patient-derived organoids, we utilized isotropic fractionation (24) to estimate the total cell number in the organoids. We found a 2.5-fold increase in total cell number after 6 weeks in culture for patient-derived organoids compared to controls (LRT, p <0.001, n =4 organoids/line) ( Fig. 3A) . As expected, organoid surface area and total cell number correlated positively with each other at both 6-and 13 weeks in vitro ( Fig. 3B and Fig. S3A ). To determine whether cell size also contributes to the volumetric increase of the organoids, we measured the neuronal soma of AAV-Synapsin-GFP transduced organoids, and found no difference in neuronal soma volume between genotype groups (LRT, p= 0.69) ( Fig S3B) . We then estimated the cell cycle length by co-labeling with BrdU and Ki67, and found that proliferating cells have a shorter cell cycle (Average cell cycle time (Tc) = 54h) for patient-derived organoids compared to controls (Tc= 83h) (LRT, p =0.02, 1.54fold change = 1.54, n = 3 organoids/line) ( Fig. 3C and D) . Co-labeling of BrdU with PAX6 confirmed that most proliferation took place in the PAX6+ NPCs (Fig. S3C ) in organoids from both genotype groups (LRT, p=0.46, n= 3 organoids/genotype). Next, we quantified the size of the progenitor pool by calculating the absolute numbers of PAX6+ cells at 6 weeks in vitro. We found a 2.6-fold increase in absolute numbers of NPCs in the patient-derived organoids compared to controls (LRT, p <0.001, n=4 organoids/line) ( Fig. 3EFG) . These data show that increased proliferation activity of NPCs leads to an increase in the progenitor pool, which is a major contributor to the volumetric increase observed in patient-derived organoids.
Patient-derived cortical forebrain organoids display increased neurogenesis.
To further characterize the nature of the overgrowth phenotype we investigated whether in addition to cycling at a higher speed, NPCs from patient-derived organoids also displayed abnormal cell cycle exit properties. Both measures have been shown to be altered in a brain organoid KO model of PTEN, an syndromic ASD gene (29) . Ki67
labeling revealed that at 6 weeks in vitro, a lower fraction of cells were immunopositive for Ki67 in patient-derived organoids compared to controls, suggesting a faster P a g e 2 1 o f 4 6
differentiation towards non-progenitor cell fates that follows initial progenitor pool expansion, although this finding did not reach the threshold for statistical significance.
(LRT, p =0.07, fold-change = 0.85, n=3 organoids/line) ( Fig. S3D) . To test this hypothesis further, we quantified the fraction of PAX6+ cells at 13 weeks in vitro and found a 1.2-fold decrease in the fraction of NPCs in patient-derived organoids compared to controls, which is consistent with the increase in the differentiation speed of NPCs (LRT, p< 0.001) (Fig. 3F ).
We then investigated whether the increase in NPC proliferation and differentiation rate leads to a corresponding increase in the number of cortical neurons, which has been previously observed in post-mortem brains from patients diagnosed with ASD having increased head circumference (30) . To do this, we quantified the relative and absolute numbers of post-mitotic neurons generated in the organoids by immunostaining nuclei for NeuN. We found a 2.6-fold increase in the absolute number of neurons generated (LRT, p = 0.006) ( Fig. 3H and I) in patient-derived organoids, while NeuN fractions did not differ across genotype groups (LRT, p=0.66) (Fig. S3E) . Consistent with this, the number of non-neuronal cell types was also increased (LRT, p= 0.004, 2.23-fold change, n = 3-4 organoids/line) (Fig. S3F ). This finding further supports increased proliferation as the major driver of the observed increase in total number of neuronal cells generated in the patient-derived organoids.
Site-specific repair of c.3709DelG mutation using CRISPR-Cas9 rescues cortical overgrowth phenotypes.
To confirm the causal relationship between the homozygous CNTNAP2 c.3709DelG mutation and the cortical overgrowth disease phenotypes, we used clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 to generate an isogenic 'rescue' line by reintroducing the guanine base at position 3709 in one of the patient-derived hiPSC lines (Fig. 4A) . Sanger sequencing confirmed the wildtype DNA sequence (Fig.   4A ). Immunoblotting confirmed the presence of the CNTNAP2 protein in the organoids derived from the CRISPR-line (Fig. 4B) . We subsequently repeated the experiments by following the same organoid differentiation protocol described above. Organoids generated from the CRISPR-rescue hiPSC line had a 1.5-fold reduction in 2D projected surface area compared to the organoids derived from the unedited patient line ( Fig. 4C -D) (t-test, p = 0.0014) -which corresponds with the observed baseline difference in 2D surface area between patient-and control-derived organoids. In addition, all other overgrowth phenotypes, including increased total cell number (t-test, p =0.007) ( Fig.   4E ), increased PAX6+ progenitor pool at 6 weeks (t-test, p=0.002) ( Fig. 4F ), decreased number of neurons (t-test, p =0.008) ( Fig. 4G ) and decreased fraction of PAX6 + cells at 13 weeks (t-test, p=0.04) (Fig. 4H ) -were rescued to comparable numbers observed in the organoids generated from healthy controls.
Gene-ontology analysis based on RNAseq data corroborate abnormal NPC proliferation and neurogenesis processes.
To evaluate the transcriptome changes associated with the phenotypes described the transcriptional pattern between the two genotype groups, with 47% of the variance explain by principal component 1 (Fig 5A) . Differential gene expression analysis identified a total of 339 differentially expressed genes (false discovery rate adjusted pvalue < 0.05), including 89 genes that are upregulated and 250 genes that are downregulated in patient-derived organoids compared to controls ( Fig 5B) (Table S3 ).
To investigate whether these differentially expressed genes have known roles in biological processes related to the observed disease phenotypes, we performed Gene Ontology (GO) analysis (25) and found a statistically significant enrichment for genes involved in various biological processes, including cell proliferation and neurogenesis ( Fig 5B, S4A and S4B and Table S4 and S5).
Differentially expressed genes show enrichment for ASD-associated genes and ASD Weighted Gene Co-expression Networks.
Because ASD has been described as one of the core features of the neurodevelopmental syndrome associated with the homozygous c.3709DelG CNTNAP2 mutation in the Old-Order Amish patients (7), we set out to investigate whether affected genes are enriched for genes with an established association with ASD. An enrichment could suggest that different genetic predispositions could lead to autism through effects on overlapping sets of genes. To do so, we compared the differentially expressed genes to the ASD-associated genes curated by SFARI Gene (31) . We excluded genes in SFARI categories 5 and 6 as these were described as 'hypothesized but untested' and 'evidence does not support a role'. Of the 877 genes remaining in SFARI categories 1-4 and category titled 'syndromic', 22 were differentially expressed between patient-and P a g e 2 4 o f 4 6
control-derived organoids (see table S6 for gene list). To test whether this enrichment reached the threshold for statistical significance, we performed permutation analyses (n = 10000). In each iteration, we generated a random gene list of equal length to the differentially expressed genes and found that this was indeed the case (z = 3.26, p=0.001) ( Fig S4C) .
We subsequently used the same approach to test whether the differentially expressed genes were also enriched in three independently created Weighted Gene Co-Expression Networks (WGCNAs) for ASD (32) (33) (34) . These WGCNAs were constructed based on the correlation of gene-expression levels between genes, and led to the generation of gene co-expression modules that are associated with specific biological or disease processes (35) . We found a statistically significant enrichment for all three WGCNAs (Fig. S4C-F) , indicating an overlap in transcriptional signature between the differentially expressed genes between patient and control-derived organoids and other forms of ASD ( Fig 5BCD) . We then compared the differentially expressed genes to gene regulatory network data publically available for other neuropsychiatric conditions, such as Alzheimer's disease (AD) (36) and Bipolar Disorder (BD) (37) , and found no statistically significant enrichment for these WGCNAs. This implies that the enrichment of differentially expressed genes in WGCNAs is specific to ASD and related neurodevelopmental disorders.
DISCUSSION
In this study, we utilized forebrain organoids generated from hiPSCs derived from patients carrying the homozygous c.3709DelG mutation in CNTNAP2 and healthy P a g e 2 5 o f 4 6
controls to investigate the effects of this mutation on cortical embryonic development.
We discovered increased proliferation in PAX6-positive NPCs, leading to an increase in the generation of cortical neuronal-and non-neuronal cells. This increase in number of cortical cells is at least partially responsible for a corresponding increase in overall organoid volume in patient-derived organoids. By repairing the pathogenic mutation using CRISPR-Cas9, we were able to rescue these cortical overgrowth phenotypes, thereby confirming a causative effect of the homozygous LoF mutation in the context of an identical genetic background. Abnormal proliferation and neurogenesis were corroborated by GO analysis of genes that were differentially expressed between patient-and control-derived organoids. Finally, we show that there is an enrichment of these differentially expressed genes for ASD-associated genes and WGCNAs associated with ASD and other neurodevelopmental disorders.
The main findings from this study confirm abnormal brain development in processes analogous to those occurring during the first trimester of embryonic development. With this, the findings support the prevailing hypothesis of an early embryonic origin of the pathophysiology of ASD (38) . The strongest evidence for increased cortical neurogenesis in ASD comes from post-mortem data from children with ASD and increased head circumference, reporting increased neuronal numbers ranging from 12% to 108% (30) . This increase in neuronal number could be related to the increased cortical thickening seen in ASD, that has also been observed on MRI of patients with ASD that may have at least a partial overlapping etiology: early brain overgrowth and an increase in head circumference or macrocephaly (defined as head circumference > 97th percentile). A recent systematic review and meta-analysis that analyzed 27 studies reported macrocephaly in 15.7% of ASD cases 3% in controls (40) . The same study also reported an increase in total brain volume (defined as brain volume 2 standard deviations above the mean) in 9% of patients with ASD.
Of note, the overgrowth phenotype described in this study has not been recapitulated in
Cntnap2 null mice. One study quantified the volume of both medial prefrontal and somatosensory cortices, and found no difference between null-and wildtype mice (41) .
Thus, although mouse models can capture some of the clinical features of a human condition such as ASD, important aspects of such a disease may be missed since these may exclusively be present in humans. Given the fact that one of the defining features of the human brain compared to other mammals is its expanded gyrencephalic neocortex (42) that is thought to give rise to our abilities of higher order brain processes, such as cognition and language, it is not entirely surprising that a truncation of a protein with a critical role in cortical development could have different phenotypic outcomes in different mammalian species. Species-specific differences in the role that CNTNAP2 plays in brain development is reflected in its differential expression pattern as well. This was shown using in situ hybridization, revealing that gene expression is more diffusely distributed throughout the entire brain in rodents while more focal in humans with a preferential localization in prefrontal cortex (28) .
The findings from this study lead to interesting questions regarding the development of novel treatments for neurodevelopmental disorders, such as CNTNAP2-associated ASD. It is critical to determine the extent to which pathophysiological processes that occur as early as in the first trimester of pregnancy remain reversible after birth. Are the cortical overgrowth phenotypes critical to cognitive-and behavioral deficits seen in these patients, and if so, should treatments target these early developmental processes, and when? In this study, we show that the field of brain organoid modeling holds great promise for working towards a preclinical modeling system with face validity, with the ultimate goal of creating targeted treatments that may eventually improve the lives of patients with severe neurodevelopmental disorders such as CNTNAP2-associated ASD. 
